Interleukin 7 (IL-7) is a nonredundant cytokine for the development of T cells and B cells 1 and transmits its signal through the IL-7 receptor (IL-7R), which consists of the common γ-chain chain and the IL-7R α-subunit (IL-7Rα (A001267); encoded by Il7r). T lymphopoiesis is impaired in the thymus, and B cell development is stringently arrested at the uncommitted pre-pro-B cell stage in the bone marrow of Il7r −/− mice 2, 3 . Transgenic expression of the antiapoptotic protein Bcl-2 efficiently restores T lymphopoiesis 4,5 but not B cell development in Il7r −/− mice 5, 6 , which indicates an important role for IL-7R signaling in controlling T cell survival and early B lymphopoiesis.
Interleukin 7 (IL-7) is a nonredundant cytokine for the development of T cells and B cells 1 and transmits its signal through the IL-7 receptor (IL-7R), which consists of the common γ-chain chain and the IL-7R α-subunit (IL-7Rα (A001267); encoded by Il7r). T lymphopoiesis is impaired in the thymus, and B cell development is stringently arrested at the uncommitted pre-pro-B cell stage in the bone marrow of Il7r −/− mice 2, 3 . Transgenic expression of the antiapoptotic protein Bcl-2 efficiently restores T lymphopoiesis 4, 5 but not B cell development in Il7r −/− mice 5, 6 , which indicates an important role for IL-7R signaling in controlling T cell survival and early B lymphopoiesis.
IL-7R signaling stimulates the Jak kinase-STAT transcription factor pathway that leads to STAT5 activation 7 . STAT5 consists of two highly related isoforms, STAT5A (A002234) and STAT5B (A002235), which are encoded by separate genes and fulfill largely redundant roles in the lymphoid system 7 . Various strategies have been used for simultaneous inactivation of the two closely linked Stat5a and Stat5b genes. One study 8 has described disruption of the first protein-coding exons of Stat5a and Stat5b, which still results in the expression of STAT5 proteins with amino-terminal truncation and partial function (Stat5 ∆N allele) 9, 10 . Consequently, T cell and B cell development is minimally affected in Stat5 ∆N/∆N mice 11, 12 . The subsequent generation of a loxPflanked (floxed) Stat5 allele (Stat5 fl ) containing Stat5a and Stat5b between loxP sites facilitated Cre recombinase-mediated conditional deletion of both genes (collectively called the 'Stat5 − allele' here) 13 . Complete Stat5 inactivation causes perinatal death and impaired development of B cells and αβ T cells, as well as the absence of γδ T lymphocytes, in Stat5 −/− mice 9, 10 . Similar to Il7r −/− mice 3 , Stat5 −/− mice have B cell development arrested at the uncommitted pre-pro-B cell stage in their bone marrow 9, 10 .
An 'instructive' role for STAT5 in B lymphopoiesis has been suggested on the basis of the partial restoration of B cell development in Il7r −/− mice by a transgene expressing a constitutively active form of STAT5B 14 . STAT5 has furthermore been linked to regulation of the gene encoding the B cell-commitment factor Pax5 by binding to its promoter region 15, 16 . STAT5-mediated IL-7 signaling is also thought to activate expression of the B cell-specification factor EBF1 in common lymphoid progenitors (CLPs) and pre-pro-B cells 3, 17, 18 . Finally, IL-7 is sufficient to promote the in vitro differentiation of wild-type CLPs to committed pro-B cells 2 . Those data, together with the inability of transgenic Bcl-2 expression to restore B lymphopoiesis in Il7r −/− mice 5, 6 , suggest that IL-7 signaling fulfills an instructive role in early B cell development by STAT5-mediated activation of the B cell-regulatory genes Ebf1 and Pax5.
STAT5 and IL-7R signaling have also been linked to control of the chromatin accessibility of the immunoglobulin heavy-chain gene (Igh) in pro-B cells. The Igh locus consists of a 2.5-megabase cluster of 195 variable (V) gene segments and a proximal 0.27-megabase region containing the diversity (D), joining (J) and constant (C) gene segments 19 . At the onset of B cell development, the Igh locus is thought to undergo stepwise chromatin activation, whereby IL-7 1 7 2 volume 11 number 2 february 2010 nature immunology A r t i c l e s signaling is reportedly responsible for activation of the large distal V H J558 gene family 20, 21 . Consistent with that model, germline transcription and recombination of distal V H genes are considerably impaired, whereas proximal V H genes undergo normal germline transcription and rearrangements, in B cell progenitors of Il7r −/− and Stat5 ∆N/∆N mice 22, 23 . Hence, these data further support the idea of an instructive role for STAT5 and IL-7R signaling in early B cell development.
Here we investigate the cell-intrinsic role of STAT5 in B lymphopoiesis by conditional mutagenesis in adult mice. The B celldevelopmental effect of STAT5 deficiency has been studied in the fetal livers of Stat5 −/− embryos and the bone marrow of the rare growth-retarded Stat5 −/− survivors 9,10 whose hematopoietic stem cells are severely impaired in their function 9 . As the recombination-activating gene Rag1 is not expressed in hematopoietic stem cells but is subsequently activated in early lymphoid progenitors 24 , we used a Rag1 allele with a 'knocked in' Cre gene (Rag1 Cre ) 25 for Cre-mediated deletion of Stat5 specifically at the onset of lymphopoiesis. Contrary to published reports 3, 16, 17, 20, 22, 23 , our conditional mutagenesis data demonstrate that STAT5 and IL-7R signaling are not involved in the regulation of Ebf1 and Pax5 or in the chromatin activation and V H -DJ H recombination of distal V H J558 gene segments. Instead, the main role of IL-7-mediated activation of STAT5 during pro-B cell development is to maintain cell survival by activating the gene encoding the antiapoptotic protein Mcl-1 (Mcl1) and to prevent premature rearrangements of the immunoglobulin-κ light-chain locus (Igk) by binding to the Igk intronic enhancer (iE κ ).
RESULTS

STAT5 controls the survival of pro-B cells
To determine the activity of the Rag1 Cre allele in early hematopoiesis, we used a Cre reporter gene 26 to show that Rag1-Cre-mediated deletion was initiated in 18% of multipotent progenitors (Lin − Sca-1 + c-Kit + cells) and was completed in all bone marrow pro-B cells and thymic pro-T cells (Supplementary Fig. 1 ). As the Rag1 Cre allele results in deletion of the floxed Stat5 allele not only in B cells but also in all T cells, Rag1 Cre/+ Stat5 fl/fl mice became autoimmune within 2 weeks of birth and died at the age of 2-3 months because of autoimmune pathologies probably caused by the much lower number of regulatory T cells 27 (Supplementary Fig. 2 ). Consequently, we first examined the B cell phenotype caused by conditional inactivation of Stat5 in nonautoimmune conditions. The abundance of fetal liver pro-B cells (c-Kit + CD19 + IgM − ) and pre-B cells (CD2 + CD19 + IgM − ) in Rag1 Cre/+ Stat5 fl/fl embryos was 6-10% that of Stat5 fl/fl embryos at day 18.5 ( Supplementary Fig. 3a) . Moreover, the bone marrow of T celldeficient Rag1 Cre/Cre Stat5 fl/fl mice contained amounts of CLPs similar to those of Stat5 fl/fl mice but only 14% of the pro-B cells of Stat5 fl/fl mice ( Supplementary Fig. 3b ), which indicates that the loss of STAT5 interferes with the differentiation of CLPs to committed pro-B cells.
Pro-B cell, pre-B cell and total B cell numbers were similarly low in the bone marrow of Rag1 Cre/+ Stat5 fl/fl mice relative to those of control Stat5 fl/fl mice (Fig. 1a-c) . Deletion of the floxed Stat5 allele in the few residual pro-B cells of Rag1 Cre/+ Stat5 fl/fl mice indicated that STAT5 is not absolutely required for pro-B cell development (Fig. 1d) . Notably, transgenic expression of Bcl-2 efficiently restored pro-B cell development (Fig. 1a,b) despite complete Stat5 deletion and STAT5 protein loss (Fig. 1d,e) in Vav-Bcl2 Rag1 Cre/+ Stat5 fl/fl mice (which overexpress Bcl-2 in all hematopoietic cells from the Vav promoter). Hence, the prosurvival protein Bcl-2 can compensate for STAT5 deficiency in pro-B cell development. In contrast, pre-B cells and total B cells were only minimally restored in Vav-Bcl2 Rag1 Cre/+ Stat5 fl/fl mice (Fig. 1a,b) . Notably, we observed no population expansion during the development of pro-B cells to pre-B cells in Vav-Bcl2 Rag1 Cre/+ Stat5 fl/fl mice (Fig. 1c) , consistent with a decrease in the abundance of larger, blasting pro-B cells (Fig. 1f) . Hence, STAT5 is an essential mediator of the 'collaboration' between IL-7 and pre-B cell receptor (pre-BCR) signaling 28 during this developmental transition.
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The Bcl-2-mediated 'rescue' of STAT5-deficient pro-B cells raised the issue whether the STAT5 protein was already lost at the preceding pre-pro-B cell stage in Vav-Bcl2 Rag1 Cre/+ Stat5 fl/fl mice. Indeed, the floxed Stat5 allele was efficiently deleted, and Stat5a mRNA in sorted pre-pro-B cells (c-Kit + B220 + CD19 − DX5 − Ly6C − ) of Vav-Bcl2 Rag1 Cre/+ Stat5 fl/fl mice was only ~5% that of control mice ( Supplementary  Fig. 4) . Moreover, intracellular staining of the STAT5 protein showed the same background fluorescence for pre-pro-B and pro-B cells of Vav-Bcl2 Rag1 Cre/+ Stat5 fl/fl mice ( Supplementary Fig. 5 ), which indicated that the pre-pro-B cells contained little or no STAT5 protein, similar to the pro-B cells of these mice.
We next investigated whether the transcription factor EBF1 could rescue the STAT5 deficiency, as suggested by published data 3, 17, 18 . An Ikzf1 Ebf1 transgene, which expresses Ebf1 under control of the pan-hematopoietic Ikzf1 (Ikaros) locus (Supplementary Fig. 6a-c) , restored pro-B cell development in Ebf1 −/− mice ( Supplementary  Fig. 6d ) but could only partially restore the generation of Stat5-deficient pro-B cells in Rag1 Cre/+ Stat5 fl/fl Ikzf1 Ebf1 mice ( Supplementary  Fig. 7) . Together these data demonstrate that STAT5 fulfills a permissive rather than instructive role in pro-B cell development.
Mature B cell types in the absence of STAT5 STAT5 has been shown by gain-of-function experiments to control the differentiation and self-renewal potential of human memory B cells 29 (Fig. 2) . Likewise, similar numbers of germinal center B cells (B220 + Fas + ) were generated in the spleens of immunized Aicda-Cre Stat5 fl/fl and control Stat5 fl/fl mice (Fig. 2b,c (Fig. 2f) . Together these data indicate that STAT5 is dispensable for late B lymphopoiesis, memory B cell formation and plasma cell differentiation.
Committed pro-B cells in absence of IL-7 signaling
As STAT5 is a downstream mediator of IL-7 signaling 7 , we next determined the role of IL-7R in controlling pro-B cell development. Consistent with published reports 2, 3 , the abundance of pro-B cells, pre-B cells and total B cells was much lower in the bone marrow of adult Il7r −/− mice ( Supplementary Fig. 9a) . Notably, the bone marrow from the two hind legs (femur and tibia) of 4-to 6-week-old Il7r −/− mice contained on average 5,000 committed c-Kit + CD19 + IgM − pro-B cells (Supplementary Fig. 9a ), which indicates that IL-7R signaling is not strictly required for the formation of committed pro-B cells. Transgenic Bcl-2 expression resulted in a five-to tenfold greater abundance of pro-B, pre-B and total B cells in Vav-Bcl2 Il7r −/− mice ( Supplementary Fig. 9a ). Moreover, most Il7r −/− pro-B cells restored by Bcl-2 were small in size and thus failed to proliferate ( Supplementary Fig. 9b) . Hence, the development of committed pro-B cells was only partially restored by transgenic Bcl-2 expression in Vav-Bcl2 Il7r −/− mice, in contrast to its efficient restoration in Vav-Bcl2 Rag1 Cre/+ Stat5 fl/fl mice.
STAT5-and IL-7R-dependent gene regulation in pro-B cells
The Bcl-2-mediated restoration of STAT5-and IL-7Rα-deficient pro-B cells provided us with the unique opportunity to sort sufficient pro-B cells by flow cytometry (Supplementary Fig. 10 ) to investigate (Fig. 3a,c) . We obtained similar results with bone marrow pro-B cells of Vav-Bcl2 Il7r −/− and Vav-Bcl2 Il7r +/+ mice (Fig. 3b) , as well as with the rare pro-B cells isolated from the fetal livers of Stat5 −/− embryos at day 18.5 ( Supplementary Fig. 11 ). As all three transcription factors are essential for early B lymphopoiesis, their normal expression in Stat5-and Il7r-mutant pro-B cells further supports the idea of a permissive rather than instructive role for STAT5 and IL-7R signaling in pro-B cell development. Expression of the gene encoding the prosurvival protein Bcl-x L (Bcl2l1) was unaffected by the loss of STAT5 or IL-7Rα (Fig. 3a,b) . In contrast, Mcl1 transcripts were diminished to one seventh of their abundance in control mice, and the Mcl-1 protein was undetectable in pro-B cells of Vav-Bcl2 Rag1 Cre/+ Stat5 fl/fl mice, in contrast to its presence in Vav-Bcl2 Stat5 fl/fl mice (Fig. 3c,d Fig. 3e and Supplementary Fig. 12 ). In contrast, pro-B cells were generated normally in Rag1 Cre/+ Bcl2l1 fl/fl mice despite efficient Bcl2l1 deletion, whereas pre-B cells were much less abundant ( Fig. 3e and Supplementary Fig. 12 mice (Fig. 4a,b and Supplementary Fig. 13 ). As expected 20 (Fig. 4a,b and Supplementary Fig. 13) . Unexpectedly, however, we did not detect substantial differences among STAT5-deficient, Il7r-mutant and control pro-B cells in the frequency of distal V H J558-DJ H rearrangements (Fig. 4a,b and Supplementary Fig. 13 ). RT-PCR analysis confirmed that result, as the expression of rearranged V H 7183-DJC µ and V H J558-DJ µ transcripts in Vav-Bcl2 Rag1 Cre/+ Stat5 fl/fl and Vav-Bcl2 Il7r −/− pro-B cells was similar to that in control Vav-Bcl2 pro-B cells (Fig. 4c) . Moreover, germline transcripts of the distal V H J558 genes were also expressed in pro-B cells of the various genotypes (Fig. 4c) . In contrast, a published study 23 (Supplementary Fig. 14) . We therefore conclude that neither STAT5 nor IL-7R signaling has a critically important role in controlling V H -DJ H recombination at the Igh locus.
No detectable active chromatin at most V H genes STAT5 and IL-7 signaling have been linked to the control of the accessibility of distal V H genes to the recombination machinery by promoting histone acetylation 20, 21, 23 . We therefore studied this aspect of STAT5 and IL-7 signaling by determining whether the distal V H gene region contains active chromatin in IL-7-treated pro-B cells. As chromatin activation of the distal V H gene segments is thought to precede V(D)J recombination 20, 21 , we used Rag2 −/− pro-B cells for mapping of active histone modifications along the Igh locus by chromatin immunoprecipitation (ChIP) plus microarray analysis (ChIP-on-chip). For this, we expanded populations of bone marrow pro-B cells from Rag2 −/− mice for only 5 d in the presence of IL-7 and OP9 stromal cells before precipitating chromatin with antibodies that recognize acetylated lysine 9 (H3K9ac), dimethylated lysine 4 (H3K4me2) or trimethylated lysine 4 (H3K4me3) on histone H3. We amplified the precipitated DNA by either T7-based linear amplification 31 or whole-genome amplification (WGA) 32 before fluorescent labeling and hybridization together with the input DNA probe onto a high-density 50-nucleotide oligonucleotide array containing the nonrepetitive sequences of the Igh locus (Fig. 5a) . Probes prepared with the two different protocols gave rise to similar results (Fig. 5, linear amplification, and Supplementary Fig. 15 , WGA amplification). A region centered on the intronic E µ enhancer and extending from the DQ52 element to the C µ gene was considerably enriched for the three active histone marks H3K9ac, H3K4me2 and H3K4me3 (Fig. 5b and Supplementary Fig. 15b ). Active histone 31 and was hybridized onto a high-density 50-nucleotide oligonucleotide array (similar ChIP-on-chip analysis with DNA probes amplified by the WGA method 32 , Supplementary Fig. 15 ). Results are presented as the logarithmic ratio (log 2 ) of the hybridization intensity of antibody-precipitated DNA to that of input DNA (bound/input). Scale bars are in kilobases (kb). The mm8 sequence coordinates for the regions of the Igh locus on chromosome 12 are 116,520,000-113,586,000 (a), 113,938,000-113,852,500 (b), 114,234,000-114,086,000 (c), 115,441,500-115,087,000 (d) and 115,859,000-115,780,000 (e). Data are representative of two experiments. (Fig. 5b,c and Supplementary Fig. 15b,c) , as published before 20, 21, 33 . Unexpectedly, however, we detected no or only very low enrichment of active histone marks at distal V H J558 gene segments, despite the fact that the Rag2 −/− pro-B cells had been stimulated for 5 d with IL-7 ( Fig. 5d and Supplementary Fig. 15d ). In contrast, the distal V H 3609 gene segments, which are interspersed throughout the V H J558 gene region, carried relatively large amounts of active H3K9ac and H3K4me2 marks ( Fig. 5e and Supplementary Fig. 15e ), although the H3K4me3 modification was barely detectable in contrast to its abundance at promoters of other expressed B cell-specific genes 31 , such as Ikzf1 ( Fig. 5f and Supplementary Fig. 15f ).
Systematic peak-finder analysis demonstrated that Rag2 −/− pro-B cells carried active H3K9ac marks at 10 V H 3609 gene segments and H3K4me2 modifications at all 12 V H 3609 gene segments present on the microarray hybridized with linearly amplified probes (Fig. 6a) . Except for 2 V H SM7 gene segments, we detected no peaks of active histone modifications at any other V H gene segments, including the large V H J558 gene family (Fig. 6a) . We obtained similar results with the microarray hybridized with WGA-amplified probes. The H3K4me2 marks were present at 14 of 16 V H 3609 gene segments, all 4 V H SM7 gene segments, 3 V H GAM gene segments and only 10 of eighty-six V H J558 gene segments, whereas we detected significant peaks of H3K9ac at only 4 V H 3609 gene segments (Fig. 6b) . In summary, we conclude that IL-7-stimulated Rag2 −/− pro-B cells lack active histone modifications at most V H genes including the large V H J558 gene family, with the notable exception of the V H 3609 and V H SM7 gene segments. Notably, ChIP-on-chip analysis also demonstrated a similar chromatin profile for the Igh locus in wild-type pro-B cells undergoing Igh rearrangements (Supplementary Fig. 16 ). Hence, the V H gene cluster of the rearranging Igh locus is characterized by a distinct chromatin structure that differs from that of other expressed B cell-specific genes.
Igk recombination in pro-B cells lacking STAT5 or IL-7R
As pro-B cells undergo differentiation and Igk recombination after IL-7 withdrawal 34, 35 , we tested the hypothesis that STAT5 and IL-7R signaling may repress Igk rearrangements at the pro-B cell stage. PCR analysis and quantification of Igk rearrangements showed that V κ -J κ recombination involving the downstream J κ 4 and J κ 5 elements was five-to sixfold greater in sorted pro-B cells from Vav-Bcl2 Rag1 Cre/+ Stat5 fl/fl mice than in those from wild-type mice (Fig. 7a) . Enhanced Igk recombination probably resulted in secondary rearrangements, which could explain the 'preferential' use of downstream J κ elements in STAT5-deficient pro-B cells rescued by Bcl-2 (Fig. 7a) . Consistent with the enhanced Igk recombination, RT-PCR analysis showed that sorted pro-B cells of Vav-Bcl2 Rag1 Cre/+ Stat5 fl/fl mice had about 10-fold more rearranged V κ -JC κ transcripts than did control Vav-Bcl2 Stat5 fl/fl pro-B cells (Fig. 7b) . The proximal and distal Igk germline transcripts (κ o ) were also induced 5-to 20-fold in STAT5-deficient pro-B cells (Fig. 7b) and reached an expression similar to that of wild-type pre-B cells (Fig. 7c) . In addition to the V κ -JC κ (Fig. 7b) , which indicated that rearrangements or transcription of Igk and Igl (immunoglobulin λ-chain locus) were activated similarly in STAT5-or IL-7Rα-deficient pro-B cells rescued by Bcl-2. Notably, the pro-B cells of Vav-Bcl2 Rag1 Cre/+ Stat5 fl/fl mice expressed the pro-B cell-specific genes Vpreb1, Igll1, Dntt and Lef1 (Fig. 7c) and had the same cell surface phenotype (c-Kit + CD19 + CD25 − CD2 − MHCII − ) as wild-type pro-B cells (Supplementary Fig. 17) . Hence, the STAT5-deficient pro-B cells did not acquire pre-B cell characteristics other than enhanced recombination and expression of immunoglobulin light-chain genes, which indicates that STAT5 deficiency alone does not promote the progression from pro-B cell to pre-B cell. Moreover, ChIP analysis of IL-7-stimulated wild-type pro-B cells demonstrated that STAT5 interacted specifically with the 3′ region of iE κ among all Igk regulatory elements tested (Supplementary Fig. 18 ), in agreement with published data obtained with pre-B cells deficient in the transcription factors IRF4 and IRF8 (Irf4 −/− Irf8 −/− ) 36 . In summary, our loss-of-function data have identified a critical role for STAT5 and IL-7R signaling in suppressing premature recombination of Igk and Igl in pro-B cells. The pro-B cell-to-pre-B cell transition requires pre-BCR signaling, which also modulates IL-7 responsiveness through a pathway dependent on mitogen-activated protein kinase to facilitate selective population expansion in conditions of low 37) . The absence of such population expansion in Vav-Bcl2 Rag1 Cre/+ Stat5 fl/fl mice suggests that IL-7R signaling critically depends on STAT5 for its 'collaboration' with the pre-BCR. STAT5 may thereby act in synergy with pre-BCR signaling by promoting the proliferation and/or survival of pre-BCR + cells. STAT5 has also been linked to late B cell development, as retroviral expression of a constitutive active form of STAT5B induces the proliferation and differentiation of human tonsillar B cells to memory B cells 29 . Contrary to those in vitro gain-offunction studies, our conditional Stat5-inactivation experiments have demonstrated that STAT5 is not essential for the in vivo generation of functional memory B cells or other mature B cell types. STAT5 directly regulates Bcl2l1, which encodes the prosurvival protein Bcl-x L , in erythroid cells in response to erythropoietin signaling 38 and in myeloid cells after stimulation with granulocyte-macrophage colony-stimulating factor 39 . Bcl2l1, however, is not an activated STAT5 target gene in early B cell development, as it is expressed normally in STAT5-and IL-7Rα-deficient pro-B cells rescued by Bcl-2. Notably, the Bcl-x L protein is more highly expressed in pre-B cells than in pro-B cells 40 . Accordingly, pre-B cells but not pro-B cells were lost after conditional inactivation of Bcl2l1, which demonstrates a critical survival function for Bcl-x L in pre-B cells, as suggested by published analysis of Bcl2l1 −/− mice 41 . In contrast, the prosurvival protein Mcl-1 was no longer expressed in STAT5-deficient pro-B cells rescued by Bcl-2, and its conditional loss entirely abrogated pro-B cell development, which indicates that STAT5 mediates its survival function by activating Mcl1 in pro-B cells.
DISCUSSION
STAT5 and IL-7 signaling have also been linked to regulation of the B cell-specific genes encoding the transcription factors EBF1 and Pax5. Ebf1 can be induced in Il7 −/− pre-pro-B cells by IL-7 stimulation 3 and in BaF/3 progenitor cells by the expression of constitutively active STAT5A 18 , which suggests that IL-7 signaling induces B cell specification in pre-pro-B cells by activating Ebf1. However, retroviral expression of Ebf1 in Il7r −/− hematopoietic stem cells leads to a minimal restoration of B cell development 3 , and STAT5 regulates the activity of the Ebf1 promoter only indirectly 18 . Our Bcl-2 rescue experiments have demonstrated, however, that neither IL-7R signaling nor STAT5 was essential for normal Ebf1 transcription in bone marrow pro-B cells. STAT5 is also thought to regulate Pax5 by binding to sequences upstream of its distal promoter 15, 16 . However like Ebf1, Pax5 was also normally expressed in Stat5 −/− fetal liver pro-B cells as well as in STAT5-or IL-7Rα-deficient bone marrow pro-B cells rescued by Bcl-2, consistent with the fact that we did not detect binding of STAT5 to any regulatory element of the Pax5 locus 42 .
STAT5 and IL-7 signaling have also been associated with V(D)J recombination of the T cell antigen receptor-γ and Igh loci. Il7r −/− mice and Stat5 −/− embryos are unable to generate γδ T cells because of a severe defect in V γ -J γ recombination 9,10 , as STAT5 induces chromatin accessibility and germline transcription at the T cell antigen receptor-γ locus by direct binding to the J γ promoters 43 . A similar role has been suggested for STAT5 and IL-7R signaling in controlling the chromatin accessibility and rearrangements of distal V H genes at the Igh locus 20, 22, 23 . In contrast to those published data, we did not detect any substantial difference in distal V H J558-DJ H rearrangements in Il7r −/− and Rag1 Cre/+ Stat5 fl/fl pro-B cells rescued by Bcl-2 compared with those of control cells. In an attempt to explain these discrepancies, we note that one group 22 has detected similar numbers of pro-B cells in the bone marrow of wild-type and Il7r −/− mice, in contrast to our study and other reports 2, 3 . The CD43 + B220 + pro-B cells analyzed by that group 22 were probably a mixture of pro-B cells, recirculating CD43 + B1 cells, natural killer cell progenitors and plasmacytoid dendritic cells 44, 45 , which could explain the apparent diminished distal V H J558-DJ H recombination in this impure cell population isolated from Il7r −/− mice. As a second group has reported diminished germline transcripts and rearrangements of distal V H J558 genes in B220 + IgM − B lymphocytes (pro-B and pre-B cells) of Stat5 ∆N/∆N mice 23 , we repeated those experiments and observed that V H J558 germline transcription and recombination was normal in Stat5 ∆N/∆N pro-B cells, similar to that in STAT5-deficient pro-B cells rescued by Bcl-2. Finally, a third group has described a role for IL-7 signaling in controlling the chromatin accessibility of distal V H genes in Rag2 −/− pro-B cells 20 . Our extensive ChIP-on-chip analyses, however, showed no or only very small amounts of the active histone modifications H3K4me2 and H3K9ac at most V H genes in IL-7-stimulated Rag2 −/− pro-B cells. However, active chromatin was consistently present at A r t i c l e s V H 3609 and V H SM7 genes. As wild-type pro-B cells have a H3K4me2-and H3K9ac-modification pattern throughout the V H gene cluster similar to that of Rag2 −/− pro-B cells, we conclude that germline transcription and V H -DJ H recombination can proceed in the absence of overt chromatin activation of V H genes. As active chromatin at V H genes can be analyzed only at the cell-population level at present, our data are also compatible with the remote possibility that each individual pro-B cell is able to induce active chromatin only at a small random subset of V H genes, which would escape detection in the entire pro-B cell population. In contrast to their absence from most V H genes, the three active marks H3K9ac, H3K4me2 and H3K4me3 are present in abundant amounts at the intronic E µ enhancer and J H elements, which suggests the following sequence of epigenetic events during Igh recombination. The V(D)J recombinase, consisting of RAG-1 and RAG-2, is probably tethered to the J H elements through specific binding of H3K4me3 by the carboxy-terminal plant homeodomain finger of RAG-2 (ref. 46 ) and may act from this proximal location to undergo synapse formation with D H and V H elements. After D H -J H recombination in B lymphoid progenitors, the rearranged D H element is incorporated into the active chromatin domain at the J H -E µ region, which facilitates subsequent V H -DJ H recombination after juxtaposition of V H genes by Pax5-dependent contraction of the Igh locus in committed pro-B cells 47 . This model could explain why active chromatin is asymmetrically distributed at the proximal J H region but not throughout the V H gene cluster in pro-B cells.
In physiological conditions, IL-7Rα expression is downregulated in response to pre-BCR signaling, which renders small pre-B cells unresponsive to IL-7 signals, leading to the loss of STAT5 activation 37, 48 . Moreover, pro-B cells after IL-7 withdrawal initiate pre-B cell differentiation and Igk rearrangements 34, 35 . Here we have shown that the loss of STAT5 and IL-7 signaling was sufficient to increase Igk germline transcription and rearrangements in pro-B cells rescued by Bcl-2 in the absence of further differentiation. As Igk rearrangements can be detected in only 15% of wild-type pro-B cells 49 , the observed five-to sixfold greater recombination frequency allows the prediction that almost all pro-B cells rescued by Bcl-2 undergo Igk recombination in the absence of STAT5. Hence, an important function of STAT5 and IL-7 signaling is the suppression of premature Igk rearrangements in pro-B cells. STAT5 directly binds to iE κ in wild-type pro-B cells (as shown here) and in Irf4 −/− Irf8 −/− pre-B cells 36 , where it probably represses the recombination-activating function of the iE κ enhancer 50 . Notably, our genetic in vivo analysis has demonstrated a key role for STAT5 and IL-7 signaling in suppressing Igk germline transcription as well as recombination in pro-B cells. This provides strong complementary evidence to a published in vitro study describing an inverse correlation between STAT5 activation and Igk germline transcription during the developmental transition of Irf4 −/− Irf8 −/− large pre-B cells to small pre-B cells 36 .
Constitutive activation of STAT5 is associated with human leukemia and myeloproliferative disorders 7 . In particular, the presence of activated STAT5 is a characteristic feature of B cell acute lymphoblastic leukemia that carries the BCR-ABL1 chromosomal translocation 7 . A critical role for STAT5 in the generation of this leukemia subset is indicated by the fact that retroviral expression of BCR-ABL (p185) in Stat5 −/− hematopoietic progenitors fails to induce leukemia in the mouse 10 . Our study has now provided a molecular explanation suggesting that the oncogenic function of STAT5 in B cell acute lymphoblastic leukemia probably controls the survival of leukemic B lymphocytes by activating Mcl1.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/.
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